LUJV GP1 adopts a structure that resembles the trimer-associated native conformation of 'Old World' mammarenaviruses. Based on its glycoprotein spike complex (GPC) sequence, LUJV does not cluster with Old World or New World mammarenaviruses 19 . LUJV further uses a distinct receptor compared to other viruses in this family 19 . It is thus unclear how different is the GP1 receptorbinding domain of LUJV compared to the other viruses from this family. The LUJV GP1 /NRP2 crystal structure reveals that LUJV GP1 has a central β -sheet flanked by loops on one side and helices and loops on the other (Fig. 1b) , in a configuration that resembles the structures of GP1s from Old World 11, 12, 15, 21 and New World 10, 13, 14 mammarenaviruses. Comparing LUJV GP1 to GP1 domains from LASV and Machupo virus (MACV) as representatives of Old World and New World viruses reveals interesting structural differences (Fig. 1c) . Whereas the central β -sheet is somewhat conserved, with the exceptions of a longer β -strand 6 in LUJV GP1 and the absence of an N' terminal β -strand preceding β 1 of LUJV GP1 (Fig. 1,b) , the relative orientations of the helices with respect to the central β -sheet are not maintained ( Supplementary Fig. 4 ). In addition, the conformations of most of the loops that connect the secondary structure elements greatly differ. A prominent β -hairpin 11 , which contributes to the LAMP1 binding site on LASV GP1 12 but is also shared by other
Old World mammarenaviruses that do not use LAMP1 during cell entry 12 , is missing in LUJV GP1 . Instead, this hairpin is reduced in LUJV GP1 to a short loop that connects α -helix 3 with β -strand 6 similarly to GP1 domains from New World mammarenaviruses ( Fig. 1b and Supplementary Fig. 3 ). However, LUJV GP1 is missing cysteine residues that could form a disulfide bond (D3) in this region, as found in most Old World and New World mammarenaviruses (Fig. 1,b and Supplementary Fig. 3 ). Despite these differences and the low overall sequence similarity, LUJV GP1 clearly belongs to the same fold family as GP1 domains from other arenaviruses.
Interestingly, GP1 domains from Old World mammarenaviruses such as LASV and Morogoro virus adopt a characteristic altered conformation 11, 12 compared to the trimer-associated native conformation of LASV GP1 15 . In the case of LASV, this altered conformation makes it compatible for binding LAMP1 11, 17 and it may further serve for immunological evasion. These conformational changes of LASV GP1 involve the rearrangement of termini that disrupt the first β -strand as well as significant rearrangements of the helices ( Supplementary Fig. 5 ). The termini of LASV as well as of all the GP1 structures from other mammarenaviruses solved to date are linked by a characteristic disulfide bond (D1) (Fig. 1,b and Supplementary Fig. 3 ). In LUJV GP1 however, the termini are linked differently by a disulfide between Cys195 at the C' terminus and Cys89 on β 1. Cys89 of LUJV is not located on an equivalent region as in GP1 from MACV or LASV ( Fig. 1c and Supplementary Fig. 3 ). In the structure of LASV GP1 that was determined in the context of the native trimeric spike complex 15 , the cysteine that corresponds to Cys89 of LUJV is located on the extra β -strand that precedes β -strand 1 of LUJV GP1 (Fig. 1c) . Likewise, the equivalent disulfide bond in MACV also links the C' terminus of the protein to an extra β -strand at the N' terminus. In the current crystal structure, the first 13 residues of LUJV GP1 , which could potentially have formed such an extra β -strand, are disordered. Although the absence of a preceding β -strand may resemble one attribute of the altered LASV GP1 conformation when isolated, the overall structure of LUJV GP1 is more similar to the trimer-associated conformation of LASV GP1 than to isolated LASV GP1 or to MACV GP1 . This similarity is visually evident and further reflected by the lower r.m.s.d. (Fig. 1c and Supplementary Fig. 4 ). This observation suggests that an isolated LUJV GP1 in complex with NRP2 maintains its trimer-associated native structure. LUJV GP1 recognizes NRP2 using an intricate network of polar interactions. Two types of interfaces between LUJV GP1 and NRP2 are found in the crystal structure ( Supplementary Fig. 6 ). One involves a flat surface on NRP2 and has a combined buried surface area (BSA) of 624 Å 2 (309 and 315 Å 2 on LUJV GP1 and NRP2, respectively). The second interface has a combined BSA of 1158 Å 2 (613 and 545 Å 2 on LUJV GP1 and NRP2, respectively) and involves loops from both proteins that together with their side-chains form geometrically compatible interaction surfaces (Fig. 2a) . We thus consider the first interface as a crystal contact and the second as the biologically relevant binding interface. On LUJV GP1 , the short β -strand 3 and its flanking residues, as well as the loop that connects α -helix 2 with β -strand 4 (α 2β 4 loop), form most of the binding site (Fig. 2a) . A major NRP2 determinant recognized by LUJV GP1 is a Ca 2+ binding site formed by loops on the receptor surface (Fig. 2b) . Although Ca 2+ binding sites were already observed in other domains of NRP2 20 , this site on the first CUB domain was not occupied in the previously determined structure (Supplementary Fig. 7 ). The binding of a Ca 2+ ion stabilizes the conformations of Asp127 and Glu79 from NRP2 ( Supplementary Fig. 7 ) pre-organizing them for interaction with Lys110 of LUJV GP1 (Fig. 2b) . By coordinating a main-chain carbonyl of Arg130 (Fig. 2b) , the Ca 2+ ion stabilizes the loop between residues 128-130 of NRP2, which is otherwise mobile (Supplementary Fig. 7 ). The conformation of this loop is important The two copies of the LUJV GP1 /NRP2 complex that make the asymmetric unit are shown using a Cα trace. The two copies relate to each other by fractional translations of 0.5, 0.447 and 0.149 along the a, b and c axes, respectively. b, Overall structure of LUJV GP1 . Ribbon diagram showing the two copies of LUJV GP1 superimposed. The colour of the ribbons changes along the primary structure of the protein (N′ terminus, blue; C′ terminus, red). Secondary structure elements, disulfide bonds (D1 and D2), chain termini and the glycosylation sites that were observed and modelled are annotated. c, Superimpositions of LUJV GP1 with representative GP1 structures. GP1 domains of MACV 10 (PDB: 2WFO), Lassa virus (LASV) 11 (PDB: 4ZJF), and LASV in the trimer-associated native conformation 15 (PDB: 5VK2) are shown in grey ribbons in the left, middle and right panels, respectively. LUJV GP1 is shown in magenta ribbon. These alignments were generated based on the Cα atoms of the central β -strands. Root mean squared deviation (r.m.s.d.) was calculated for each pair of structures using TM-align 15 . The r.m.s.d. calculations were based on 107, 109 and 74 Cα atoms for MACV, LASV and LASV NATIVE , respectively.
for LUJV GP1 binding, as it positions Arg130 of NRP2 to form hydrogen bonds with two main-chain carbonyls from the LUJV GP1 α 2β 4 loop (Fig. 2b) . This particular rotamer of Arg130 that LUJV GP1 recognizes is stabilized by a hydrogen bond between the Arg130 guanidino group and the Ca 2+ -positioned carboxylic acid of Glu79 (Fig. 2b) . In the absence of a Ca 2+ ion, the local architecture of NRP2 would be disrupted ( Supplementary Fig. 7 ), which will probably prevent binding of LUJV GP1 . Indeed, the first NRP2-CUB domain fused to an Fc portion of an antibody (NRP2-Fc) can stain HEK293 cells that express the LUJV spike complex (LUJV GPC ) as long as the chelating agents EGTA (Fig. 2c) or EDTA ( Supplementary Fig. 8 ) are not added to the staining solution. Furthermore, Ca 2+ but not Mg 2+ can restore cell stain by NRP2-Fc when added in excess following a treatment of NRP2-Fc with a cocktail of EGTA/EDTA ( Supplementary Fig. 9 ).
The loop that stretches from Glu79 to Asp86 of NRP2 bears several charged residues that are also used by LUJV GP1 for binding. Both Lys80 and Asp82 of NRP2 form salt bridges with the counter-charged Glu157 and Lys105 of LUJV GP1 , respectively (Fig. 2d) . The main-chain carbonyl group of Lys80 from NRP2 forms a polar interaction (probably a hydrogen bond) with Asp142 of LUJV GP1 . In addition, Tyr85 and Tyr128 of NRP2 form hydrogen bonds with the main-chain amide group of Lys110 and the main-chain carbonyl group of Cys111 from LUJV GP1 , respectively. Beside these polar interactions, Val139 and Thr140 from the α 2β 4 loop of LUJV GP1 participate in Van der Waals interactions inside a hydrophobic pocket that is formed by the aliphatic portions of some NRP2 residues such as Glu79 and Glu77 (Fig. 2e) . Additional hydrophobic interactions are formed by His81 of NRP2 with non-polar atoms on LUJV GP1 (Fig. 2d ). An adjacent Asn107 on the surface of NRP2 makes yet another hydrogen bond with Glu161 from LUJV GP1 . Altogether, the interface between LUJV GP1 and NRP2 is mostly polar. To verify this identified interface we mutated key residues and performed functional analysis. Mutating Arg130 of NRP2 to alanine prevents NRP2-Fc from recognizing LUJV GPC -bearing cells (Fig. 3a) . Likewise, mutating Lys110 of LUJV to alanine significantly reduces cell entry of LUJV (Fig. 3b) . Hence, the LUJV GP1 /NRP2 interface as observed in the crystal structure is indeed important for receptor recognition and cell entry of LUJV.
The NRP2 binding site on LUJV GP1 spans a region that mediates α-dystroglycan recognition by Old World mammarenaviruses. Previous studies provided structural and biochemical data for the recognition of α -DG and TfR1 receptors by Old World and New 2+ coordination site on NRP2 as a central recognition element of LUJV GP1 . Side-chains and important main-chain elements of this interaction motif are shown as sticks. Polar interactions are marked using either yellow dashed lines for intra-molecular interactions or light-blue dashed lines for interactions between LUJV GP1 and NRP2. A Ca 2+ ion is indicated as a green sphere, and its coordination by three carboxyl groups, one main-chain carbonyl and two water molecules (red spheres), is illustrated. The colour scheme of LUJV GP1 is the same as in a. The distances in ångströms are indicated for the polar interactions, not including the Ca 2+ coordination. c, Ca 2+ is required for LUJV GP1 /NRP2 interaction. Fluorescence microscopy images of HEK293 cells that were transiently transfected with a plasmid encoding the spike complex of LUJV. The cells were stained with a chimeric protein made of the first CUB domain of NRP2 fused to the Fc portion of an IgG1. Bound chimera is visualized using a fluorescently labelled anti-human antibody (red). Nuclei are stained with DAPI (blue). The addition of 5 mM EGTA abolished staining (lower image) as compared to the control (upper image). Scale bars, 50 μ m. These are representative images from three independent experiments. d, Additional polar interactions between LUJV GP1 and NRP2. This panel uses the same colour and representation scheme as in b. The Ca 2+ ion is shown using a green space-filling sphere for orientation. The distances in ångströms are indicated for the polar interactions. e, Apolar interaction motif with NRP2. The colouring scheme for LUJV GP1 is the same as is a. NRP2 is shown using a surface representation coloured by the local contact electrostatic potential. Blue represents positive potential, red represents negative potential and white represents apolar surfaces. The non-polar atoms of Val139 and Thr140 are indicated with semi-transparent spheres.
World mammarenaviruses. Structural studies by Abraham et al. 22 illustrated that the TfR1 binding site on GP1 of New World mammarenaviruses is formed on the face of the central β -sheet together with the flanking loops (Fig. 4a) . By superimposing LUJV GP1 with MACV GP1 crystallized in complex with TfR1, it is evident that the NRP2 recognition site comprises a different surface of GP1 (Fig. 4a) . In contrast, the NRP2 binding surface of LUJV GP1 appears to be close to residues that contribute to α -DG binding in Old World mammarenaviruses (Fig. 4b ). Previous studies with the α -DG-tropic Old World lymphocytic choriomeningitis virus (LCMV) pointed to a few GP1 residues important for binding to its α -DG receptor 23, 24 . These residues were later mapped on the structure of the trimeric spike complex of LASV and found to be at its apex near the trimer interface 15 . Interestingly, Tyr150, Asn148 and Ile254 of LASV that contribute for α -DG binding appear at the NRP2 binding site when LASV GP1 is superimposed on LUJV GP1 (Fig. 4b) . Although LUJV and LASV do not share any similar sequences or local loop conformations in this particular region, LUJV has evolved to use the same overall region of GP1 for NRP2 recognition as Old World mammarenaviruses use for binding α -DG. In the absence of structural information for α -DG recognition by Old World mammarenaviruses, the LUJV GP1 /NRP2 structure may further hint about additional GP1 regions that have a potential to contribute to the binding to α -DG.
NRP2 recognition in the context of the trimeric spike hints for a combined quaternary binding site. Since LUJV GP1 superimposes reasonably well with LASV GP1 in its trimeric, associated, native conformation (Fig. 1c) , we used the trimeric structure of the LASV spike complex that was determined by Hastie et al. 15 to gain insights into how NRP2 might be recognized in the context of the trimeric spike. By superimposing the LUJV GP1 /NRP2 complex on the three The cells were stained with the indicated NRP2-Fc that is detected using a fluorescently labelled anti-human antibody (red). Nuclei are stained with DAPI (blue). Scale bars, 50 μ m. These are representative images from three independent repeats. b, Mutations in surface residues of LUJV GP1 confirm their contribution for recognizing NRP2. Upper left panel show a western-blot (WB) analysis of the indicated LUJV GPC -Flag constructs. Untransfected cell-lysate is used as a negative control. Detecting tubulin on the same membrane was used as a load control. Two bands of the full-length GPC and of the GP2 portions are visible. This experiment was conducted twice, giving similar results and representative images are shown. Introducing the surface mutations does not alter the expression profiles of these spike complexes. The lower panel shows infectivity by MLV-pseudoviruses bearing the indicated LUJV GPC that deliver a GFP reporter gene on cell entry. Green indicates GFP-positive infected cells. DAPI staining (blue) shows nuclei. Scale bars, 50 μ m. These are representative images from three independent repeats. The upper right panel shows the relative infectivity by MLV-pseudoviruses bearing the indicated LUJV GPC that deliver a luciferase reporter gene on entering cells. The data for this graph were derived from three biologically independent experiments, each including several technical replicates. Statistically significant differences compared with wild type (WT) (P < 0.005, two-tailed t-test) are indicated by ***. Central lines show mean values and error bars represent standard deviations.
copies of LASV GP1-NATIVE , we found that NRP2 will bind the apex of the spike complex (Fig. 5a) . Considering only the first CUB domain of NRP2, its binding angle is such that in principle up to three copies could be bound simultaneously without steric clashes (Fig. 5a ). In this model, each NRP2 makes the contacts described above to one LUJV GP1 domain, but each NRP2-CUB domain is also close to a neighbouring LUJV GP1 , potentially making additional contacts that are trimer dependent (Fig. 5c) , as postulated for the α -DG binding of Old World mammarenaviruses 15 (Fig. 4b) . In particular, NRP2 is in a position to contact α -helix 1 and a loop connecting β -strands 4 and 5 (β 4β 5 loop) of the neighbouring LUJV GP1 . These contacts are near the glycan that is attached to Asn112 of LUJV GP1 (Fig. 1b  and Fig. 5c ). This glycan may restrict the access of antibodies to α -helix 1 and to the β 4β 5 loop region as well as to β -strand 3 and α 2β 4 loop, which are nearby in the trimeric configuration. Although in this model the N-acetylglucosamine partially clashes with the NRP2 (Fig. 5c) , a slight movement of the glycan towards the axis of the trimer will prevent such clashing. The positioning of LUJV GP1 in a trimeric configuration based on the spike complex of LASV is not accurate enough to elucidate the exact interactions that the α -helix 1 and β 4β 5 loop may form with NRP2. Nevertheless, examining the electrostatic potential of NRP2 in the region predicted to form such interactions reveals a negatively charged patch (Fig. 5c) . The surface that forms by the α -helix 1 and β 4β 5 loop of LUJV GP1 is positively charged (Fig. 5c ) and hence complementary. Indeed, reducing the positive charge of LUJV GP1 in this surface by mutating Arg115 (Supplementary Fig. 10 ) to aspartic acid decreases cell entry of LUJV (Fig. 3b) . These observations support the possibility that the complete NRP2 binding site forms by two neighbouring LUJV GP1 molecules, helping to explain the fairly modest BSA on complex formation that we observed in the crystal structure (Fig. 2a) .
Dissociation mechanism of LUJV GP1 from NRP2 in acidic conditions. The demonstration by Raaben et al. 19 that LUJV GP1 dissociates from NRP2 at acidic pH raises the question whether pH-dependent binding could be explained at the structural level. Dissociation from NRP2 is important for efficient cell entry as it presumably allows LUJV to switch to CD63 19 that may act as a triggering factor 22 (PDB: 3KAS). The GP1 domains are shown using ribbon representation in magenta and bottle green colour for LUJV GP1 and MACV GP1 , respectively. Side-by-side views of TfR1 (on the right-hand side) and NRP2 (on the left-hand side) are shown using surface representations in bottle green and grey, respectively. There is no overlap between the NRP2 and TfR1 binding sites. b, The LUJV GP1 /NRP2 complex is superimposed on LASV GP1 in the trimer-associated conformation (orange). Tyr150, Asn148 and Ile254 of LASV, which participate in α -DG recognition, are highlighted. The highlighted His131 of LASV is also contributing to the α -DG recognition by joining with Tyr150, Asn148 and Ile254 of a neighbouring LASV GP1 in the context of the trimer spike complex. Some of the residues that make the LAMP1 binding site on LASV GP1 are shown using cyan spheres. are superimposed on the three LASV GP1 copies in the structure of the trimeric spike 15 (PDB: 5VK2). The three LUJV GP1 molecules are coloured in orange, magenta and blue, and the corresponding GP1/GP2 pairs from LASV are coloured in yellow, pink and light blue. The three copies of NRP2 are shown in grey using both ribbon and surface representations. The trimeric arrangement allows three NRP2-CUB domains to bind simultaneously. b, Surface representations showing three first CUB domains of NRP2 bound to a trimeric spike as in a. The bottom view is 90° tilted with respect to the upper view. c, The quaternary binding site of NRP2. Three copies of LUJV GP1 in a trimeric configuration based on the superimposition in a are shown with a single copy of NRP2. The electrostatic potentials at the solvent accessible surface as calculated by APBS 36 are mapped on the contact surfaces of NRP2 as well as of one of the three LUJV GP1 subunits (red -4 kT/e; blue 4 kT/e). The three copies of the first N-acetylglucosamine attached to the Asn112 residues are shown as green sticks. The α -helix 1 (α 1) and β 4β 5 loop of LUJV GP1 , which make the putative additional contacts with NRP2, are highlighted in green. The positive surface potential of α 1, the β 4β 5 loop regions and the corresponding negatively charged region on NRP2 are marked. The lower view is tilted 60° with respect to the upper view.
for membrane fusion in a similar way to LAMP1 in the case of LASV 17 . Histidine residues are obvious candidates for controlling pH-dependent protein-protein interactions. Of all the histidine residues in the LUJV GP1 /NRP2 complex, only His81 of NRP2 is located at the interface of the complex (Fig. 6a) . Interestingly, His81 is not involved in any obvious polar interaction but rather makes Van der Waals interactions with an apolar pocket on LUJV GP1 that is flanked by positively charged residues (Fig. 2d and Fig. 6b ). Potentially, a protonated and positively charged His81 could thus repel LUJV GP1 , which may promote the dissociation of the proteins. However, an NRP2 H81F -Fc mutant that retains binding to LUJV GPC at neutral pH loses its ability to stain LUJV GPC -bearing HEK293 cells at acidic pH, similarly to NRP2-Fc (Figs. 3a and 6,b) . Thus, His81 cannot account for the pH-dependent binding.
The dependency of the LUJV GP1 /NRP2 interaction on Ca 2+ bound to the first CUB domain of NRP2 (Fig. 2b and Supplementary Fig. 7) provides an alternative mechanism that may control pH-induced dissociation. Ca 2+ ions were previously observed at all the various -Fc (right) at different pH values, visualized using fluorescence microscopy. Scale bars, 50 μ m. Both proteins stain cells at pH 7.5 and pH 6.5 but lose activity at pH 6.0, despite the presence of 1 mM Ca 2+ in solution. These are representative images from two independent experiments. d, The first CUB domain of NRP2 retains Ca 2+ binding in low pH. The thermal stability of the purified first CUB domain of NRP2 was measured using nano differential scanning fluorimetry at pH 7.5 and pH 5.5, with or without the addition of 5 mM EGTA. Graphs show the first derivative of the fluorescence change (F) as a function of temperature. In all four measurements, NRP2 was supplemented with 0.5 mM Ca 2+ to insure full occupancy when EGTA is not present. The temperature differences (Δ T) between the inflection points of the melting curves with or without EGTA are indicated. For both pH values, the additional of EGTA reduces the thermal stability of NRP2, indicating that Ca 2+ is still bound to NRP2 at pH 5.5. This experiment was repeated twice.
domains of the full-length NRP2 except at its first CUB domain 20 indicating a limited affinity to Ca 2+ in this particular site. A ~1,000-fold drop in Ca 2+ concentration at early endosomes compared to the extracellular space 25 coupled with acidification that could stabilize negatively charged groups, such as the ones that coordinate the Ca 2+ (Fig. 2b) , may cause NRP2 to lose its Ca 2+ at the first CUB domain and hence promote dissociation of LUJV. Nonetheless, in our in vitro assays NRP2-Fc loses binding to LUJV GPC at acidic conditions (Fig. 6c) , while NRP2 retains binding to Ca 2+ (Fig. 6d) . Therefore, although protonation of His81 and loss of Ca 2+ from the NRP2-CUB domain may contribute to the acidic-induced dissociation during cell entry other mechanisms probably play a role. As discussed above, quaternary interactions between NRP2 and LUJV GP1 in the context of the spike trimer are important for the complex formation (Figs. 5 and 3b) . Potentially, acidic conditions may induce conformational changes that disrupt such interactions. This possibility, however, will need to be further investigated.
Discussion
Overall, the structural data that we have provided show that LUJV uses a binding site formed by β -strand 3 and α 2β 4 loop on one monomer and may further span α -helix 1 and β 4β 5 loop on an adjacent LUJV GP1 in the context of the trimer. Interestingly, the first CUB domain of NRP2 is almost completely conserved among humans, mice, rats and bats, and the only slight variations occur outside of the binding site for LUJV (Supplementary Fig. 11 ). Hence all of these animal species have a potential to serve as reservoirs for LUJV, considering only the compatibility to NRP2. Regarding the NRP2 binding surfaces that we have identified, we postulate that monoclonal antibodies that will target any of these sites on LUJV GP1 in the context of the trimeric spike would block binding to NRP2 and thus may neutralize the virus. Hence, we propose to focus efforts to elicit such antibodies as a way to provide potential therapeutics against LUJV.
Methods
Expression and purification of recombinant proteins. GP1 LUJV coding DNA (residues 74-199) was amplified from chemically synthesized LUJV GPC (Genscript), based on UniProt accession number C5ILC1. The gene was subcloned into the pACgp67b expression vector (BD Biosynthesis) to include an N-terminal 6× His tag. Neuropilin-2 (NRP2) binding site fragment (residues 27-146) was chemically synthesized based on UniProt accession number O60462 with a C-terminal 6× His tag and was subcloned into the pACgp67b vector. For crystallization experiments, both GP1 LUJV and NRP2 were co-expressed as secreted proteins using the baculovirus system as we previously described 11 . Cell media were collected, clarified using centrifugation and buffer exchanged to TBS (20 mM Tris-HCl pH 8.0, 150 mM sodium chloride) using a tangential flow filtration system (Millipore). LUJV GP1 /NRP2 complex was captured using a HiTrap IMAC fast-flow Ni +2 (GE Healthcare) affinity column, and further purified using size exclusion chromatography with Superdex 75 10/300 column (GE Healthcare) in TBS buffer. Fc-fused NRP2 was expressed in HEK293F cells adapted to suspension cells (Invitrogen). Transfections were carried out using 40 kDa polyethylenimine (PEI-MAX) (Polysciences) at 1 mg of plasmid DNA per 1 l of culture at a cell density of 1 M ml -1 . Media were collected after 5 days of incubation and supplemented with 0.02% (wt/vol) sodium azide and PMSF. Fusion proteins were isolated using protein-A affinity chromatography (GE Healthcare). For expression of LUJV GPC, it was subcloned into pCDNA3.1, with or without the addition of C' FLAG-tag. Single amino acid substitutions in NRP2-Fc and LUJV GPC were generated by PCR mutagenesis.
Crystallization. We used vapour diffusion in sitting drops method for crystallization screens. For crystallization experiments we used a Mosquito® crystallization robot (TTP labs) to set 60, 120 and 180 nl drops of protein with 120 nl reservoir of commercially available crystallization screens. Initial crystallization hits for fully glycosylated LUJV GP1 /NRP2 were identified using PEGRx HT™ (Hampton) screen. Crystallization conditions were manually optimized. Using additive screen HT™ (Hampton) we further identified the tri-peptide glycyl-glycylglycine as an additive that improves the morphology of the crystals. Crystals for diffraction experiments, which appeared as thin needle-like crystals, were obtained by mixing the LUJV GP1 /NRP2 complex solution at 12 mg ml -1 with 0.03 M glycylglycyl-glycine, 25.9% PEG 6000 and 0.09 M Bis-Tris propane pH 9.5 at 20 °C.
Crystals were briefly soaked in mother liquor solution supplemented with 25% ethylene glycol for cryo-preservation before flash cooling in liquid nitrogen.
Data collection, structure solution and refinement, and structural analyses. X-ray diffraction data were collected at the European Synchrotron Radiation Facility (ESRF) at beamline ID23-2 using a Pilatus 3 2 M detector. Diffraction data were collected to a resolution of 2.4 Å. Images were indexed, integrated and scaled using Xia2 26 pipeline that made use of aimless 27 , CCP4 28 , Dials 29 and Pointless
30
. A molecular replacement solution using the first CUB domain of NRP2 20 (PDB: 2QQK) was found using Phaser 31 . We were able to find two copies of the first CUB domain in the asymmetric unit. In contrast, none of the available GP1 structures from mammarenaviruses or homology models based on their structures were able to provide a molecular replacement solution for LUJV GP1 . We hence used phases from the partial solution of NRP2 to trace LUJV GP1 into electron density maps. Initial tracing was done with Phenix.AutoBuild 32 , followed by manual building of the model into density-modified maps using Coot 33 . The electron densities for residues 74-86 of LUJV GP1 and residues 144-145 of NRP2 were missing and hence these residues were not modelled. Refinement was done using Phenix 32 . Structural analysis as well as structural visualization was done using PyMol (Schrödinger). BSA was calculated using areaimol as implemented in CCP4 28 .
Cell stain. HEK293T cells were seeded on poly-L-Lysine pre-coated cover slips in 24-well plates and transfected with a plasmid (pcDNA3) encoding LUJV GPC using PEI-MAX reagent. At 48 h post-transfection, cells were fixed with prewarmed 3.7% formaldehyde (PFA) solution in PBS and blocked with 3% BSA in PBS. Cover slips were washed twice with TBS and incubated with NRP2-Fc diluted in 1% BSA-TBS at a concentration of 30 μ g ml -1 , with or without addition of 5 mM EGTA or EDTA (Sigma). Subsequently, the cover slips were washed again, stained with Cy3-conjugated anti-Human Fc (Jackson) and mounted with mounting media that was supplemented with DAPI (GBI Labs). Cells were imaged at × 10 magnification and images were processed using ImageJ 34 . To evaluate the effect of pH on staining, cover slips were incubated with NRP2-Fc and its mutant derivate diluted in 50 mM MES pH 6.0 or pH 6.5, 150 mM NaCl as well as in TBS. Staining solutions were supplemented with 1% BSA as well as 1 mM CaCl. To examine the effect of Ca 2+ or Mg 2+ on the binding of NRP2 to LUJV, NRP2-Fc was first buffer exchanged in 10 kDa Amicon (Millipore) to TBS supplemented with 5 mM EGTA and EDTA, followed by three washes with TBS. Cover slips were also washed with TBS supplemented with 5 mM EGTA/EDTA for 5 min, followed by incubation with the aforementioned NRP2-Fc diluted in TBS, 0.5 mM EGTA/EDTA supplemented with 5 mM CaCl or MgCl.
Infectivity assays. LUJV GPC pseudo-typed viruses were produced by transfecting either retroviral transfer vector pQCXIP-Vx3K0-mEGFP (a gift from Robert Cohen-Addgene plasmid # 35527) 35 or pLXIN-Luc (pLXIN-Luc was a gift from Alice Wong-Addgene plasmid # 60683) along with the envelope LUJV GPCpcDNA plasmid or its mutant derivatives into the GP2-293 Retroviral packaging cell line (Clontech), as previously described 17 . Media containing pseudoviruses were concentrated × 10 by PEG precipitation. For that, the viral-containing media were supplemented with PEG 6000 (Sigma) in PBS to a final concentration of 8% (wt/vol). Following incubation for 18 h at 4 °C, viruses were pelleted by centrifugation at 10,000g for 20 min. Pellets of viruses were resuspended in cell media.
For infectivity assessment, HEK293T were seeded on poly-L-Lysine pre-coated white, chimney 96-well plate (Greiner Bio-One). Cells were left to adhere for 2 h, followed by addition of × 10 concentrated luciferase-bearing pseudoviruses. Cells were washed from viruses at 18 h post-infection, and luminescence from activity of luciferase was measured at 48 h post-infection using a TECAN plate reader (LabX) after applying Bright-Glo reagent (Promega) on cells. Alternatively, cells were seeded on pre-coated cover slips in a 24-well. Cells were infected the next day with × 10 concentrated mEGFP-bearing pseudoviruses, washed at 18 h postinfection and fixed with formaldehyde 48 h post-infection. Cells were imaged at × 10 magnification and images were processed using ImageJ. As a control, LUJV GPC expression levels were examined by transfecting HEK293T cells with FLAG-tagged LUJV GPC and its mutant derivatives using PEI-MAX. At 48 h posttransfection, cells were lysed and lysates were subjected to western blot with anti-FLAG (Thermo Fisher) and anti-α Tubulin antibodies, clone DM1A (Millipore).
Thermostability assay. His-tagged NRP2 was expressed as a secreted protein using the baculovirus system and purified as described above. The thermal stability of NRP2 in different buffers and chelating conditions was analysed by measuring the melting temperature using the nano differential scanning fluorimeter Prometheus NT.48 (NanoTemper Technologies). NRP2 was diluted to 1 mg ml -1 in TBS pH 7.5 or in 40 mM sodium acetate pH 5. HEK293T cells were provided by ATCC and were not authenticated. These cells were tested negative to mycoplasma contamination. HEK293F cells were provided by Invitrogen and were not authenticated or tested for mycoplasma. GP2-293 Retroviral packaging cell line was provided by Clontech. We did not authenticate this cell line and we did not test it for mycoplasma. Reporting Summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
Data availability. The atomic model for the LUJV GP1 /NRP2 complex as well as structure factors were deposited to the protein data bank and are available under accession code 6GH8.
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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